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Introduction
Systemic vasodilatation and arterial hypotension are landmarks of septic shock. Whenever fluid resuscitation fails to restore arterial blood pressure and tissue perfusion, vasopressors agents are necessary [1] . Norepinephrine, a strong α-adrenergic agonist, is the standard vasopressor to treat septic shock-induced hypotension [1] . Adrenergic vasopressors have been associated with several detrimental effects, including organ dysfunction and increased mortality [2, 3] . Therefore, alternative agents have been proposed, yet with disappointing results so far [4] .
The renin-angiotensin system (RAS) provides an important physiologic mechanism to prevent systemic hypotension under hypovolemic conditions, such as unresuscitated septic shock [5] . In addition to its classical hemodynamic function of regulating arterial blood pressure, angiotensin II plays a key role in several biological processes, including cell growth, apoptosis, inflammatory response, and coagulation. It may also affect mitochondrial function [6, 7] .
This review briefly discusses the main physiological functions of the RAS, and presents recent evidence suggesting a role for exogenous angiotensin II administration as a vasopressor in septic shock.
The renin-angiotensin system
Since the discovery of renin by Robert Tigerstedt and Per Gunnar Bergman in 1898, a lot of progress has been made towards better understanding of the role of the RAS in body homeostasis and in disease. The classical circulating RAS includes angiotensinogen (the precursor of angiotensin), the enzymes renin and angiotensin converting enzyme (ACE), which produces the bioactive angiotensin II, and its receptors, AT-1 and AT-2. Aldosterone is often considered together with the circulating RAS, then referred to as the RAAS (renin-angiotensinaldosterone system). The major components of the classical 'circulating' RAS were described at the beginning of the 1970s. In the subsequent decades, knowledge about angiotensin receptors and the complex interaction between the RAS and other neuroendocrine pathways has increased [5] . One of the most remarkable advances has been the discovery of a tissue (or local) RAS, and more recently, the discovery of an intracellular RAS [8] .
The local RAS contains all the components of the circulating RAS and exerts different functions in different organs. The local RAS has been identified in heart, brain, kidney, pancreas, and lymphatic and adipose tissues. It can operate independently, as in the brain, or in close connection with the circulating RAS, as in the kidneys and the heart [5] . While the circulating RAS is mainly responsible for blood pressure control and fluid and electrolyte homeostasis, the local RAS is predominantly related to inflammatory processes, modulating vascular permeability, apoptosis, cellular growth, migration and differentiation [6] .
Agiontensin II production
Juxtaglomerular cells of the renal afferent arteriole are responsible for renin synthesis. Renin, a proteolytic enzyme, is stored as an inactive form, called pro-renin. Extracellular fluid volume depletion and/or decreased arterial blood pressure trigger several enzymatic reactions resulting in the release of active renin into surrounding tissues and the systemic circulation. However, renin has no hemodynamic effects ( Figure 1 ) [8] .
Angiotensin I, a decapeptide with weak biological activity, is produced from angiotensinogen, an α 2 -globulin produced primarily in the liver and, to a lesser extent, in the kidneys and other organs. Angiotensin is rapidly converted to angiotensin II by an ACE and, to a lesser extent, by other chymases stored in secretory granules of mast cells. Angiotensin II, an octapeptide, has strong vasopressor activity [8] .
ACE is present mainly in lung capillaries, although it can also be found in the plasma and vascular beds of other organs, such as the kidneys, brain, heart and skeletal muscle. The action of angiotensin II is terminated by its rapid degradation into angiotensin 2-8 heptapeptide (angiotensin III) and ultimately into angiotensin 3-8 heptapeptide (angiotensin IV) by aminopeptidases A and M, respectively [8] . ACE-2 is a carboxypeptidase responsible for the production of angiotensin 1-9 from angiotensin I and angiotensin 1-7 from angiotensin II [9, 10] . Angiotensin 1-7 is a heptapeptide, which produces vasodilatation mediated by its interaction with the prostaglandin-bradykinin-nitric oxide system [10] .
The balance between ACE and ACE-2 may play an important role in cardiovascular pathophysiology by modulating and controlling angiotensin II blood concentrations. The RAS is primary regulated by a negative feedback effect of angiotensin II on renin production by the juxtaglomerular cells of the renal afferent arteriole [5] .
Angiotensin II receptors
The physiological effects of angiotensin II result from its binding to specific G protein-coupled receptors. So far, four angiotensin receptors have been described: AT-1, AT-2, AT-4 and Mas [11] . Additionally, two isoforms of AT-1 receptors (AT-1a and AT-1b) have been identified in rodents [12, 13] . It has been postulated that human cells express only AT-1a receptors, located in the kidneys, vascular smooth muscle, heart, brain, adrenals, pituitary gland, liver and several other organs and tissues [11] .
The major physiological activities of angiotensin II are mediated by AT-1 receptors. Thereby, angiotensin II acts to control arterial blood pressure, aldosterone release by the adrenal zona glomerulosa, sodium and water reabsorption in the proximal tubular cells, and vasopressin secretion ( Figure 1 ) [14] . When chronically stimulated, AT-1 receptors have been shown to mediate cardiac hypertrophy and induce cardiac remodeling [15] .
The function of AT-2 receptors in adults has not been completely determined and some authors suggest that their stimulation might counteract the AT-1 effects on blood pressure regulation, inflammation and cell growth [11] . Indeed, angiotensin II binding to AT-2 receptors results in vasodilatation and decreased systemic vascular resistance ( Figure 1 ) [5] .
A large number of experimental studies have shown that angiotensin II mediates countless key elements of Figure 1 Overview of the renin-angiotensin system. MAP: mean arterial blood pressure; AT: angiotensin; ACE: angiotensin-converting enzyme; AMPA: aminopeptidase A; AMPM: aminopeptidase M; *: ACE is present mainly in lung capillaries, although it can also be found in the plasma and vascular beds of other organs, such as the kidneys, brain, heart and skeletal muscle. inflammatory processes [6] (Figure 2) . By binding to AT-1 receptors, angiotensin II enhances the expression of proinflammatory mediators, increases vascular permeability by inducing vascular endothelial growth factor (VEGF), and stimulates the expression of endothelial adhesion molecules (P-selectin and E-selectin), intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (Figure 2 ) [6] . Angiotensin II also promotes reactive oxygen species (ROS) production, cell growth, apoptosis, angiogenesis, endothelial dysfunction, cell migration and differentiation, leukocyte rolling, adhesion and migration, extracellular matrix remodeling. Finally, it can play a role in multiple intracellular signaling pathways leading to organ and mitochondrial injury [16] .
The renin-angiotensin system in sepsis Activation of the RAS during sepsis is a well know phenomenon, observed in experimental [17] and clinical studies [18] [19] [20] . However, so far, most of our knowledge about the RAS system during septic shock has come from a few experimental studies performed with healthy rodents [17, [21] [22] [23] [24] [25] [26] , sheep [27, 28] or pigs [7] . The role of exogenous angiotensin II administration or its inhibition in sepsis is poorly understood [29] .
Unresuscitated septic shock is characterized by marked hypovolemia, extracellular fluid volume depletion, decreased cardiac output, low arterial blood pressure and decreased systemic vascular resistance [30] . Septic shock triggers a complex neuro-humoral response, releasing several vasoactive substances in the circulation [31] . Four main mechanisms are involved in effective circulating volume and arterial blood pressure restoration in septic shock [32] . These mechanisms are sympathetic nervous system activation, the release of arginine vasopressin by the posterior pituitary gland, inhibition of atrial and cerebral natriuretic peptide secretion from the atria of the heart, and the increase in renin secretion by the juxtaglomerular cells, resulting in elevated angiotensin II plasma levels and an increased secretion of aldosterone from the adrenal cortex [32] .
During sepsis, the activity of plasma renin, angiotensin I and angiotensin II are increased [19] . Despite the high angiotensin II plasma levels, pronounced hypotension, associated with a reduced vasopressor effect of angiotensin II, has been reported [17] . Moreover, RAS activation contributes to oxidative stress and endothelial dysfunction [24] , which has been associated with development of kidney [33] and pulmonary [25, 26] injury and with the severity of organ dysfunction [19] .
Data from experimental animal models have suggested that sepsis can induce a systemic downregulation of both AT-1 [21] and AT-2 receptors [22] . Proinflammatory cytokines, e.g., interleukin (IL)-1β, tumor necrosis factor (TNF)-α, interferon (IFN)γ and nitric oxide (NO), released during Gram-positive and Gram-negative sepsis, downregulate AT-1 receptor expression. This leads to systemic hypotension and low aldosterone secretion despite increased plasma renin activity and angiotensin-II levels [21, 22] . Very recently, it has been demonstrated that sepsis down-regulates the expression of an AT-1 receptor-associated protein (Arap1), which contributes to the development of hypotension secondary to reduced vascular sensitivity to angiotensin II [23] . Downregulation of adrenal AT-2 receptors may impair catecholamine release by the adrenal medulla and, thereby, play a critical role in the pathogenesis of sepsis-induced hypotension [22] . Mediators of the RAS have also been associated with microvascular dysfunction in patients with severe sepsis and septic shock [19] .
Infusion of angiotensin II in septic shock
Some early observations suggested that angiotensin II may be used as an alternative vasopressor in cases of norepinephrine unresponsive septic shock [34] [35] [36] . The main concern about exogenous administration of angiotensin II in septic shock is related to its strong vasoconstrictor effect, which may impair regional blood flow and aggravate tissue perfusion. Angiotensin II binding to AT-1 receptors causes dose-dependent vasoconstriction of both afferent and efferent glomerular arterioles. Indeed, the most pronounced effect of angiotensin II occurs on efferent arterioles [37] , resulting in reduced renal blood flow and increased glomerular filtration pressure [27] .
Wan et al. demonstrated in a hyperdynamic sepsis model in conscious sheep that a six-hour infusion of angiotensin II was effective in restoring arterial blood pressure and increased urinary output and creatinine clearance, despite a marked decrease in renal blood flow [27] . In this study, mesenteric, coronary and iliac artery blood flow were also affected but to a lesser degree [27] . In a similar model in anesthetized sheep, the same group reported an equal decrease in renal blood flow in controls and angiotensin II treated animals, but renal conductance was lower in angiotensin II-treated animals [28] .
We recently evaluated in pigs the long term effects of exogenous angiotensin II administration on systemic and regional hemodynamics, tissue perfusion, inflammatory response, coagulation and mitochondrial function [7] . In this study, 16 pigs were randomized to receive either norepinephrine or angiotensin II for 48 hours after a 12-hour period of untreated sepsis. An additional group was pre-treated with enalapril (20 mg/d orally) for one week prior to the experiment, and then with intravenous enalapril (0.02 mg/kg/h) until the end of the study. We found that angiotensin II was as effective as norepinephrine to restore arterial blood pressure, and cardiac output increased similarly as in animals resuscitated with norepinephrine. Renal plasma flow, incidence of acute kidney injury, inflammation and coagulation patterns did not differ between the two groups [7] . However, enalapril-treated animals did not achieve the blood pressure targets despite receiving high norepinephrine doses (approximately 2.0 mcg/kg/min), and they had a higher incidence of acute kidney injury at the end of the study [7] .
Our data demonstrate that the effects of angiotensin II on regional perfusion are different in vasodilatatory states compared to normal conditions: in healthy pigs, angiotensin II infusion resulted in net reduction of renal blood flow, while portal blood flow decreased in parallel with cardiac output, and fractional blood flow increased dose-dependently in carotid, hepatic and femoral arteries [38] . As in sepsis, angiotensin II infusion had no effects on diuresis or creatinine clearance [38] . The discrepant findings on renal perfusion can be explained by sepsisinduced hyporeactivity of the renal arteries [39] . It seems, therefore, that organ perfusion is not at risk in experimental septic shock treated with angiotensin II.
Currently, a few studies are recruiting septic patients for evaluation of the effects of angiotensin II as a vasopressor (Clinicaltrials.gov: NCT00711789 and NCT01393782).
Angiotensin II and mitochondrial function
In sepsis, mitochondrial dysfunction occurs, but its relevance in the development of organ failure is unclear [40] . Angiotensin II itself can stimulate mitochondrial ROS production in endothelial cells [41] and alter cardiac mitochondrial electron transport chains [15] .
Evidence has indicated a direct interaction between angiotensin II and mitochondrial components [42] [43] [44] [45] . In a study using 125 I-labeled angiotensin II in rats, angiotensin II was detected in the mitochondria and nuclei of the heart, brain and smooth muscle cells [42, 43] . In rat adrenal zona glomerulosa, renin, angiotensinogen and ACE were detected within intramitochondrial dense bodies [44] , and renin has been detected in the cytosol of cardiomyocyte cell lines [45] . However, we recently demonstrated that high-affinity angiotensin II binding sites are actually located in the mitochondria-associated membrane fraction of rat liver cells, but not in purified mitochondria [46] . Moreover, we found that angiotensin II had no effect on the function of isolated mitochondria at physiologically relevant concentrations [46] . It, therefore, seems unlikely that the effects of angiotensin II on cellular energy metabolism are mediated through its direct binding to mitochondrial targets.
In septic pigs, a 48-hour angiotensin II infusion did not affect kidney, heart or liver mitochondrial respiration in comparison to norepinephrine-treated animals [7] . Although other mitochondrial functions, such as ROS production or enzymatic activity, were not assessed in this study, it seems unlikely that angiotensin II diminishes oxygen consumption in sepsis.
Conclusion
The RAS plays a key role in fluid and electrolyte homeostasis, arterial blood pressure and blood flow regulation. A better understanding of its complex interactions with other neuroendocrine regulating systems is crucial for the development of new therapeutic options to treat septic shock. Angiotensin II is a powerful vasopressor in experimental septic shock, and has proved to be safe in the tested settings. Administration of angiotensin II as an alternative to norepinephrine should be further evaluated in clinical trials.
